In this study the utility of satellite-based leaf area index (LAI) data in improving the simulation of nearsurface climate with the NCAR Community Climate Model, version 3 (CCM3), GCM is evaluated. The use of mean LAI values, obtained from the Advanced Very High Resolution Radiometer Pathfinder data for the 1980s, leads to notable warming and decreased precipitation over large parts of the Northern Hemisphere lands during the boreal summer. Such warming and decreased rainfall reduces discrepancies between the simulated and observed near-surface temperature and precipitation fields. The impact of interannual vegetation extremes observed during the 1980s on near-surface climate is also investigated by utilizing the maximum and minimum LAI values from the 10-yr LAI record. Surface energy budget analysis indicates that the dominant impact of interannual LAI variations is modification of the partitioning of net radiant energy between latent and sensible heat fluxes brought about through changes in the proportion of energy absorbed by the vegetation canopy and the underlying ground and not from surface albedo changes. The enhanced latent heat activity in the greener scenario leads to an annual cooling of the earth land surface of about 0.3ЊC, accompanied by an increase in precipitation of 0.04 mm day Ϫ1 . The tropical evergreen forests and temperate grasslands contribute most to this cooling and increased rainfall. These results illustrate the importance and utility of satellite-based vegetation LAI data in simulations of near-surface climate variability.
Introduction
The importance of vegetation control on the exchange of energy, mass, and momentum between the land surface and the atmosphere has been the focus of several efforts (Betts and Beljaars 1993; LeMone et al. 2000; Sellers et al. 1995; Shuttleworth et al. 1991 ; among others). Many field experiments at different spatial and temporal scales have been conducted to test the sensitivity of climate to changes in land surface conditions (e.g., Bastable et al. 1993; Betts et al. 1996 Betts et al. , 1999 Schwartz and Karl 1990) . Their findings and results from model investigations, recently summarized in Pielke et al. (1998) , indicate that the effect of vegetation dynamics on climate might not be insignificant compared to other forcings resulting from changes in atmospheric composition, ocean circulation, and orbital perturbations.
In many studies involving atmospheric general circulation models (GCMs), a ''case'' simulation is typically performed with modified land surface characteristics and then compared with a ''control'' simulation. Such sensitivity studies have identified the significance of key land surface parameters such as albedo (Sud and Fennessey 1982) , evapotranspiration , surface roughness (Sud et al. 1988) , and stomatal conductance (Henderson-Sellers et al. 1995; Pollard and Thompson 1995; Sellers et al. 1996; Martin et al. 1999) on land-atmosphere exchange processes. Model inves-tigations with changes in global leaf area index (LAI; Chase et al. 1996) and replacement of entire biomes at regional [tropical in the case of Dickinson and Henderson-Sellers (1988) ; Lean and Warrilow (1989) ; Nobre et al. (1991) ; Zhang et al. (1996a,b) ; and boreal in the case of Bonan et al. (1992) ; Chalita and Le Treut (1994) ] and global (Kleidon et al. 2000) scale indicate dramatically the importance of vegetation on regional and global climate.
The successful implementation of the role of vegetation in climate modeling requires credible specification of the numerical parameters needed by the underlying theory. Vegetation characteristics can either be prescribed or modeled as a component of the system. In either case, global-scale measurements are crucial, either for the model boundary conditions, similar to SSTs, or as means to validate modeled characteristics.
One focus of this study is to evaluate the feasibility of improving the simulated climate of the 1980s through the use of satellite-based LAI fields. Two GCM ''experiments'' were performed-a control and a simulation run in which the standard LAI values are replaced with climatological LAI data from the 10-yr monthly pathfinder LAI dataset (Buermann et al. 2001 , manuscript submitted to J. Geophys. Res., hereinafter BWDZ) and the simulated near-surface temperature and precipitation fields over land are compared with observations. The climate simulations used the Community Climate Model (CCM3; Kiehl et al. 1996 Kiehl et al. , 1998 , with the Land Surface Model (LSM; as the associated land model, both developed at the National Center for Atmospheric Research (NCAR). Although CCM3 is in many respects a state-of-the-art general circulation climate model, it suffers from a cold bias in its simulation of near-surface land temperatures. Hence, it is of interest to explore the dependence of these temperatures on the model parameters used. Hutjes et al. (1998) recently argued that one of the most important outstanding aspect in biosphere-atmosphere interactions is natural variability, particularly with respect to seasonal to interannual cycles. In this study, we attempt to quantify the impact of observed interannual variability in vegetation dynamics on nearsurface climate during the 1980s. To do so, we conducted two GCM experiments in which minimum and maximum LAI values from the 10-yr LAI record were employed and then the differences in the simulated nearsurface climates were analyzed.
Modeling impacts on climate from changes in LAI a. Model description
In our investigations, we employed the general circulation model CCM3, which represents an upgraded version of CCM2 with improvements in parameterization of cloud properties, clear-sky longwave radiation, deep convection, and boundary layer processes (Kiehl et al. 1996 (Kiehl et al. , 1998 . LSM is an one-dimensional model of energy, momentum, water, and CO 2 exchange between the atmosphere and land . It solves for the vegetation and ground temperatures that balance the surface energy budget, taking into account ecological differences among vegetation types, hydraulic, and thermal differences among soil types and allowing for multiple plant types (up to three) within a vegetated model grid cell. The model evaluates surface fluxes at every time step (20 min) and for each subgrid cell independently, using the same grid-averaged atmospheric forcing. It then provides the grid-averaged surface fluxes to the atmosphere by taking into consideration the subgrid fractional areas.
b. Processes in the LSM impacted by LAI changes
The LSM distinguishes 13 unmixed plant types, which differ in leaf and stem area, leaf optical properties, leaf dimensions, roughness length, stomatal physiology, and root profile . In this model, changes in LAI directly affect evapotranspiration and surface albedo of the vegetated land surface.
Land surface evapotranspiration is subdivided into evaporation from wet leaf surfaces, transpiration from leaves, and evaporation from the soil. The wetness of leaves, that is, the interception storage capacity, is a direct function of LAI, leading to enhanced plant evaporation as LAI increases. Canopy stomatal conductance is simulated through a physiology-based formulation, similar to Collatz et al. (1991) and Sellers et al. (1992) , whose magnitude is controlled by prescribing values for the maximum photosynthesis parameter V max . It is coupled to leaf stomatal physiology and the amount of absorbed photosynthetically active radiation (APAR) for both sunlit and shaded portions of the canopy. APAR is determined by plant-specific structural and optical properties. Generally, with increasing LAI under optimal growing conditions, enhanced canopy conductance, and plant evaporation will cause the latent heat flux to increase. Further, the intensified transport of moisture to the atmosphere could enhance precipitation and favor cloud development. This in turn could impact the surface energy balance by reducing the amount of incident solar radiation.
The surface albedo of a vegetated area in the LSM is computed with a two-stream approximation (Dickinson 1983; Sellers 1985) and is a function of plantspecific structural and optical properties and LAI. Generally, surface albedo decreases as LAI increases due to increased canopy absorption and decreased reflection from the generally brighter ground below the vegetation. This is particularly true for snow-covered surfaces, where changes in LAI directly affect the fraction of canopy covered by snow in the model. Likewise, the surface albedo of sparsely vegetated areas (LAI Ͻ 1) may be sensitive to LAI changes. The LAI changes in VOLUME 14
LSM, however, do not change either vegetation roughness length or fractional coverage so that elsewhere LAI-induced changes are expected to be small. In summary, LAI changes in our simulations directly affect net solar radiation and the partitioning between latent and sensible heat. The key variables are canopy stomatal conductance, interception storage, and surface albedo. Cloud cover feedback indirectly affects net solar radiation through modifications to the incident solar flux.
c. LAI input to the LSM
In this study, we used a global LAI dataset of 0.25Њ spatial resolution. The data span the period July 1981-June 1991 at monthly interval. The LAI fields were derived from maximum NDVI value global composites of the National Oceanic and Atmospheric Administration-National Aeronautics and Space Administration Pathfinder Advanced Very High Resolution Radiometer (AVHRR) Land dataset, utilizing an algorithm that incorporates results from a three-dimensional radiative transfer model and a six-biome classification scheme as described in Myneni et al. (1997) . Results from a recent analysis of this dataset indicate that variations in the LAI fields correspond well to El Niño-Southern Oscillation-related SST and rainfall anomalies in tropical and in some extratropical regions. In the northern high latitudes, trends and variations in LAI correlate significantly with near-surface spring and, to a lesser extent, summer temperatures. The consistent pattern among the independently derived datasets suggests that the LAI dataset is a reliable indicator of interannual vegetation dynamics (BWDZ).
The LSM employs prescribed biome-specific monthly LAI that are spatially invariant over an entire hemisphere. The radiative transfer biome map (Myneni et al. 1997 ) was converted to the 13 LSM vegetation types using Olson's land cover map (Olson et al. 1983 ) and latitudinal information. The satellite LAI fields were then aggregated by LSM vegetation types and allowed for changes between the two hemispheres, shifting LAI by 6 months as in . For each month and each LSM vegetation type, average, minimum and maximum LAI values were determined based on the 10-yr LAI record.
In Fig. 1 , these LAI profiles are shown along with the LSM standard profiles. The satellite LAI profiles show gradual monthly variations and a general lag in phase when compared with the LAI profile in the LSM. For several biome types, the satellite LAI values are considerably lower than those used in the LSM. Among the most abundant of these are cool and warm grass, needle leaf evergreen tree, arctic grass, crop, and broadleaf evergreen tree. Monthly maximum and minimum LAI values also differ notably. In the case of trees, these LAI differences can be as large as 2. In the case of broadleaf evergreen tree, the minimum LAI values appear to be low, possibly indicating residual cloud contamination problems in the satellite data. In the case of needleleaf evergreen tree, very low LAI values during the winter season were observed in the satellite dataset. This is an artifact mainly associated with lack of valid wintertime data from snow-covered vegetation, low sun angles, and a temperature threshold (0ЊC) in the LAI retrieval algorithm. These profiles were improved in an ad hoc manner, such that the minimum value during winter was not less than 80% of the maximum summer value.
d. Model runs
In this study, the NCAR CCM3 (Kiehl et al. 1996 ) with online LSM was run at the standard T42 resolution (approx 2.8Њ ϫ 2.8Њ). Four 10-yr model runs were performed, changing the monthly LAI profiles in the LSM. The runs are designated as (a) control, (b) meanLAI, (c) minLAI, and (d) maxLAI (Fig. 1) . Each run was started in July 1981, utilizing observed interannually varying sea surface temperatures (SSTs). This particular time frame was chosen to be consistent with the monthly record for which satellite LAI fields were available. Initial conditions for the control run (temperature, snow, soil water, etc.) were obtained from July of year 10 from a 10-yr simulation that used climatological SSTs. For the satellite LAI (meanLAI, minLAI, and maxLAI) runs, initial conditions were extracted from July of year 10 from a 10-yr simulation employing satellite-derived mean LAI fields ( Fig. 1 ) and climatological SSTs.
The choice of this particular 10-yr time period (Jul 1981 -Jun 1991 for the model runs, though, leads to the fact that for the season June-August (JJA) and the annual case only 9 yr of data for each grid cell are available. Consequently, in this study all JJA and annual means are based on 9 yr , whereas all DJF means are based on 10 yr (1981/82-1990/91 ). We could have chosen to use also 9 yr of data for the DJF means (1982/83-1990/91 ) to make the averaging periods consistent, but then would have discarded one year of data.
In order to evaluate possible effects of spinup resulting from differing initial conditions in the actual control and satellite LAI runs, we repeated the analysis with varying averaging periods: last 8 yr (DJF), last 7 yr (JJA and annual), and last 5 yr (for all means). The results, not shown, indicate no apparent drifts or trends in the temporal means, suggesting that the initial conditions that were provided to the actual runs represented equilibrium states. Hence, differing initial conditions are not expected to be responsible for portion of the multiyear mean differences between the control and satellite LAI runs.
Results and analysis a. Mean LAI versus control simulation
Previously, Bonan (1998) compared results from a CCM3-LSM standard simulation with observed near-
FIG. 1. Comparison of Northern
Hemisphere LSM vegetation-type LAI profiles. Mean, maximum, and minimum LAI profiles were derived from the AVHRR Pathfinder NDVI data as described in BWDZ. The LSM profiles are also shown.
surface temperatures and precipitation. The simulations were colder by about 2.5Њ-5.0ЊC with respect to the observed temperatures over much of Asia and northern Europe during the boreal summer period. Furthermore, simulated precipitation in the northern high-latitude regions was found to be consistently overestimated. In this section, we assess the possibility of reducing the model biases in temperature and precipitation if satellite LAI fields were to be used instead of the LSM fields. We first present the differences between the two LAI data, followed by a comparison of the simulated temperature and precipitation fields with observations.
1) DIFFERENCES IN LAI
In the LSM, vegetated regions are designated according to 26 surface types. Each of these accommodate up to three different vegetation types and/or bare ground . A map of 10-yr average satellite LAI for each LSM surface type (2.8Њ ϫ 2.8Њ) was generated with VOLUME 14 the mean LAI profiles shown earlier (Fig. 1) . Figure 2 shows the geographical distribution of the differences between the average satellite and the LSM standard LAI fields for July and January. Large LAI differences (Ͼ1.5) can be seen in July in the central United States, sub-Saharan Africa, and in Eurasia. These can be attributed to LSM vegetation types cool and warm grass. For these, the LSM LAI fields are overestimates compared to the satellite data (Fig. 1) . Elsewhere in these regions, differences of about 1.0-1.5 LAI are mostly in areas where crops and broadleaf deciduous vegetation predominate. In the Southern Hemisphere and in the northern high latitudes, the differences between the two are minor. In the month of January, however, significant LAI differences (Ͼ1.5) are seen in the warm grass lands of the Southern Hemisphere. Overall, the satellite LAI estimates are lower in magnitude than the LSM prescriptions in both the hemispheres during the respective growing seasons and this, all else remaining the same, should result in reduced latent heat flux and warmer near-surface climate.
2) COMPARISON WITH OBSERVATIONS
For purposes of evaluating the simulations, we use the monthly near-surface temperature data from Jones et al. (1999) and the monthly precipitation data from Hulme et al. (1998) gridded to 2.8Њ ϫ 2.8Њ resolution and averaged over the period of model runs (Jul 1981 -Jun 1991 . In Figs. 3a and 3c, the spatial distribution of the differences in near-surface temperature between the control run and observations are shown for the boreal (JJA) and austral summers (DJF). The patterns are nearly identical to those from a 15-yr control run reported previously by . Comparing these with the results from the satellite LAI (meanLAI) and control runs allows for an evaluation of the utility of satellite LAI (Figs. 3b and 3d) . The obvious improvement is warming in the satellite LAI simulation during JJA over large parts of the Northern Hemisphere lands, which partly offsets the previously mentioned cold bias in the control LSM simulation. Notably, warming is seen over the grasslands of western Asia (Ͼ1.6ЊC), southern Africa (Ͼ1.3ЊC), and the central United States (Ͼ1.1ЊC). This warming is mainly due to the lower magnitude of satellite LAI data for the vegetation types present here (Fig. 2a) . The large-scale cooling in northern Asia adds to the existing cold bias. In the austral summer (DJF), simulation improvements are evident over large parts of Australia, Africa, South America, and far east Asia. The northern high latitudes show a significant cooling of up to 3.0ЊC in Eurasia and 2.0ЊC in North America, which improves the simulation but still overestimates the observed station temperature and 10 yr for DJF (1981/82-1990/91) , respectively. Observed temperature data are from Jones et al. (1999) . data. It is interesting to note that the observed cooling here is very little associated with direct LAI forcing at this time of year (Fig. 2b) . It is possible that changes in LAI forcing in the Tropics or midlatitudes affect the winter near-surface climate in the high latitudes through changes in large-scale atmospheric circulation (Chase et al. 1996 ; see also next section). Table 1 lists the LSM surface types for which consistent improvements in temperature simulation are seen when the standard LSM LAI profiles are replaced by the satellite profiles. The most prominent are the LSM surface types warm and cool grasslands which have large fractional coverage of warm and cool grasses. Both vegetation types have substantially lower satellite LAI values (about 2.5) during the growing season (Fig. 1) . These decreases in LAI generally cause surface albedos to increase, which should lead to cooler surface temperatures. However, it appears that the near-surface climate at these sites is much more influenced by decreased evapotranspiration, leading to the observed warmer temperatures. The minimum LAI (minLAI) and maximum LAI (maxLAI) entries denote the bounds of LAI impact on temperature, which is discussed in the next section. It should be noted that even though satellite LAI helps to reduce cold biases in near-surface temperature over certain regions other processes in the atmosphere or prescribed surface albedo for bare soil and thick canopy (stomatal resistance too small) might be primarily responsible for the bias on the global scale. Figures 4a and 4c show the spatial distribution of the differences in total precipitation between the control run and observations for the boreal (JJA) and austral (DJF) summers. Total precipitation in the northern high-latitude regions and the Tibetan Plateau is consistently overestimated in the control run for both seasons. During the austral summer, large regions in the Southern Hemisphere also receive excessive rainfall. In Figs. 4b and 4d, the differences in total precipitation between the satellite LAI and control simulation for the two seasons are shown. During the boreal summer, less rainfall in the northern high latitudes (Ͼ0.7 mm day Ϫ1 ) and over the Tibetan Plateau (Ͼ0.8 mm day Ϫ1 ) in the satellite LAI simulation lowers the discrepancies. As discussed above, the lower magnitude of satellite LAI reduces evapotranspiration and, consequently, precipitation (Fig. 2a) . During the austral summer, simulation improvements can also be seen over large parts of Australia, Africa, South America, and high-latitude regions of Asia.
b. Interannual variability
Here we present results from a near-surface climate and energy budget analysis from two simulations, denoted as minLAI and maxLAI, which correspond respectively to simulations with minimum and maximum satellite LAI profiles shown in Fig. 1 . These correspond to the observed variability during the 1980s. The goal of this analysis is to gain insight on the possible impact of vegetation dynamics on near-surface climate at interannual scales. It should be noted that simulations with these profiles correspond effectively to assuming that all the vegetation types experienced either the minimum or maximum LAI everywhere at the same time, which clearly is not realistic. Hence, the value of these simulations is in possibly being able to derive an estimate that brackets the impacts of interannual LAI changes on near-surface climate. We first discuss the satellite LAI fields and then present results at regional and global scales.
1) VEGETATION EXTREMES DURING THE 1980S
Maps of LAI extremes for each LSM surface type (2.8Њ ϫ 2.8Њ) were generated with the minimum and maximum LAI profiles shown earlier (Fig. 1) . They illustrate the range of LAI variations observed during the July 1981 to June 1991 period. Figure 5 shows the global distribution of the difference between maximum and minimum LAI for the months of July and January, respectively. In July, large areas in the Northern Hemisphere show LAI differences greater than 1.0, indicating significant interannual variability in vegetation greenness during the active growing season. Differences greater than 1.5 are notable in the eastern United States and central Europe where the LSM surface types with significant tree fractions exist (e.g., cool forest crop). Similarly, large LAI changes can be seen in the Tropics year-round. These figures illustrate an extreme realization of the extent of interannual variability in vegetation greenness during the 1980s, because not all regions experienced the minimum (or maximum) values simultaneously. The value of these constructs, then, is their utility in possibly deriving the upper and lower bounds of the impact on climate.
2) SPATIAL AND SEASONAL DIFFERENCES
Figures 6 and 7 show the spatial pattern of surface climatic variables as differences between the maxLAI and minLAI simulation during the Northern (JJA) and Southern (DJF) Hemisphere summer seasons, respectively. The increase in JJA latent heat flux over large vegetated temperate areas of North America and Eurasia is evident in the maxLAI simulation (Fig. 6b) . In particular, the grass-and croplands in the midlatitudes of Eurasia show marked increases, sometimes in excess of 15 W m Ϫ2 . In DJF, similar changes in latent heat flux can be observed in all the three southern continents (Fig.  7b) . These patterns correspond well to the LAI changes shown previously in Fig. 5 , clearly indicating the importance of vegetation control on surface latent heat flux. Furthermore, it appears that the impact of LAI change on the magnitude of latent heat flux is larger in the case of vegetation types with low average LAI, as for example grasses, possibly due to the nonlinear de-
Spatial pattern of 10-yr averaged differences (1981/82-1990/91 ) between the maxLAI and minLAI simulation in DJF: (a) net shortwave flux, (b) latent heat flux, (c) near-surface temperature, (d) net longwave flux, and (e) total precipitation. pendence of many canopy processes with respect to LAI (see also discussion below). Over most regions the observed increase in the latent heat flux is accompanied by an increase in precipitation. However, a few regions, for example eastern China in JJA, exhibit the opposite behavior. Here precipitation decreases with increasing evapotranspiration. In a previous sensitivity study, Pan et al. (1996) found that increasing local evapotranspiration may suppress local rainfall if the lower atmosphere is humid and lacks sufficient thermal forcing to initiate deep convection.
Decreases in net shortwave radiation, exceeding 15 W m Ϫ2 , and increases in total precipitation can be noted in large regions of temperate North America and Eurasia during JJA in the maxLAI simulation (Figs. 6a and 6e ). In these regions latent heat flux increases were observed (Fig. 6b) . During the austral summer, similar magnitude decreases in net shortwave radiation and increases in total precipitation are seen in the tropical regions of South America, Africa, and Australia (Figs. 7a and 7e) . Generally, the albedo over densely vegetated regions is lower, which should result in an increase in net shortwave radiation. However, our results indicate that reductions in incident solar radiation resulting from increased cloud cover, consistent with an observed increase in precipitation and evapotranspiration, overcompensate for the effects of surface albedo, leading to the observed decrease in net shortwave radiation. Tables 2 and 3 show differences in select near-surface climate variables between the maxLAI and minLAI simulations for forested regions (high LAI) and grasslands (low LAI) in northwestern and southern North America, respectively. These differences represent spatial averages over four model grid cells for each region. In the maxLAI simulation, all sites indicate increases in the latent heat flux and precipitation, decreases in net shortwave flux, temperature and net longwave flux, and negligible changes in surface albedo. However, the changes in the surface energy budget, especially canopy transpiration, are varied depending on the vegetation type, or the base LAI, because of the nonlinear response of many canopy processes with respect to LAI. Surface albedo changes are unlikely to result from interannual LAI changes in already heavily vegetated areas, unless there is a change in the fractional vegetation cover. Even though the albedo is unchanged, the fractions of energy absorbed by the vegetation and the ground below can change. Thus, it appears that the dominant impact of interannual LAI changes is modification of the partitioning of radiant energy between latent and sensible heat fluxes brought about through changes in the proportion of radiant energy absorbed by the vegetation canopy and the underlying ground, and not due to changes in surface albedo. These results also closely agree to those from a recent sensitivity study on changes in the surface energy budget from interannual changes in NDVI (Bounoua et al. 2000) .
As a result of changes in the partitioning of absorbed radiant energy into sensible and latent heat fluxes, large changes in near-surface temperature are observed over large regions that can be attributed to interannual LAI variations (Figs. 6c and 7c) . Cooling of more than 1ЊC can be noted in many regions on all the continents in the maxLAI simulation during both the boreal and austral summers. A corresponding decrease in net longwave radiation can be seen (Figs. 6d and 7d ) in the maxLAI simulation, which in many regions offsets or even overcompensates for the most part the decreases in net shortwave radiation (Figs. 6a and 7a) . Consequently, surface net radiation is either unchanged or only marginally increased. The large magnitude changes in surface temperature in the northern high latitudes during the DJF period could be due to variations in surface albedo (ϾϮ0.05; not shown) possibly from changes in snow cover and masking of the dark evergreen vegetation cover, but the resulting changes on the radiation balance are not seen. Chase et al. (1996) and Zhang et al. (1996b) report that tropical and midlatitude vegetation forcing can cause long-ranging effects in the high-latitude climates. Changes in the atmospheric heating pattern in the Tropics from variations in latent heat activity may modify the Hadley circulation, which then may alter the generation of waves along the polar front (Chase et al. 1996) . Table 4 shows annual means of select climate variables for all land between 60ЊS to 80ЊN. Near-surface temperature in the maxLAI scenario is cooler by about 0.3ЊC when compared with the minLAI scenario (with oceans, the difference is only 0.08ЊC). Absorbed solar energy over land changes by less than 1% between the two cases. In fact, our analysis shows that land albedo remains nearly constant at about 0.2. Although the amount of radiant energy absorbed may be similar in both minLAI and maxLAI simulations, the portions absorbed by the vegetation canopy and the underlying ground are different, depending on the LAI change. The decrease in net solar radiation is due to more cloud cover over land in the maxLAI simulation. Latent heat flux increased by 4.3% and sensible heat decreased by 3% in the maxLAI simulation. Total precipitation increased by 1.7% in the maxLAI scenario, consistent with an increase in latent heat flux and more cloud cover. These results confirm previously reported impacts of LAI changes on the near-surface climate, although no where near as dramatic as simulations that removed large tracts of vegetation (e.g., Nobre et al. 1991; Bonan et al. 1992) or even the entire planetary vegetation (Kleidon et al. 2000) .
3) STATISTICAL SIGNIFICANCE
In order to establish statistical significance of the observed differences in time averages of the temperature and precipitation fields between the two simulations, a local t test was performed (Wigley and Santer 1990) . Table 5 shows seasonal and zonal mean differences in surface temperature (2-m height) and total precipitation over land between the maxLAI and minLAI model runs. Surface temperatures were cooler by about 0.4ЊC during JJA and precipitation increased by 0.05 mm day Ϫ1 in the maxLAI simulation. The temperate band and southern Tropics contribute most to this cooling and increased rainfall. During the austral summer, temperatures were cooler by about 0.3ЊC and precipitation increased also by 0.05 mm day Ϫ1 in the maxLAI simulation, with contributions mostly from the Tropics and Southern Hemisphere. Overall, about 32% (JJA) and 22% (DJF) of all land points (including vegetated and nonvegetated areas) show statistically significant differences (10% level) in the temperature time means between the two model runs. In contrast, the differences in the precipitation time means are less statistically significant. The meridional distribution of the differences in zonal mean surface temperatures during the boreal and austral summers compare well to those reported by Bounoua et al. (2000) . The remaining differences in these fields might be explained in part through small differences in vegetation forcing, model sensitivity and effects of climatological SST (Bounoua et al. 2000) versus observed SST (this study) as boundary forcing.
Station temperature records indicate an increase of global mean land surface temperature by about 0.8ЊC during the past century (Hansen et al. 1999) ; therefore, temperature differences on the order of 0.3Њ-0.4ЊC caused by interannual LAI changes are not insignificant. Furthermore, the temperature differences in some regions are much larger, many times exceeding 1ЊC.
Concluding remarks
In this study we evaluated the utility of satellite-based LAI data in improving the simulation of near-surface climate in NCAR CCM3 global climate model. First, we performed a control run with standard LSM LAI profiles and a case run with 10-yr (Jul 1981 -Jun 1991 average monthly mean LAI profiles derived from satellite data. Regional differences in the simulated nearsurface climate between the two runs indicate a substantial warming and decrease in precipitation during the boreal summer over large parts of the Northern Hemisphere lands in the satellite LAI run. Such warming and decreased precipitation, attributable to the lower magnitudes of satellite LAI data, reduced the model biases in near-surface temperature and precipitation in comparison to observations. In particular, the near-surface temperature over grasslands during the active growing season in both hemispheres is consistently better simulated with satellite LAI data. In summary, usage of satellite LAI leads to an improvement in the near-surface temperature and precipitation simulations over certain regions. However, significant residual cold biases remain. It has been speculated that modeled processes in the atmosphere, prescribed surface albedos of bare soil and thick canopy (stomatal resistance too small) in the CCM3-LSM scheme are primarily responsible for the cold bias.
Second, we investigated the impact of interannual vegetation extremes observed during the 1980s on nearsurface climate by utilizing the maximum and minimum LAI values from the 10-yr LAI record. Analysis of the surface energy budget indicates notable increases in latent heat flux in the greener scenario over large vegetated temperate areas of North America and Eurasia during the boreal summer. Similar increases were seen in the southern continents during the austral summer.
These correspond well to observed LAI variations. Reductions in net shortwave flux were observed over regions of increased latent heat activity mainly due to a change in cloud cover, consistent with an observed increase in precipitation, and not surface albedo. Annual near-surface air temperatures decreased by about 0.3ЊC and annual total precipitation increased by 0.04 mm day Ϫ1 when averaged over all land area. Broadleaf evergreen forests in the Tropics and temperate grasslands during the boreal summer contribute most to this cooling and increased rainfall. The corresponding reduction in net longwave flux balanced or overcompensated for the most part the decrease in net shortwave flux. Consequently, the total available radiant energy at the surface was either unchanged or only marginally increased. It thus appears that the dominant impact of interannual LAI variations is modification of the partitioning of net radiant energy between latent and sensible heat fluxes brought about through changes in the proportion of energy absorbed by the vegetation canopy and the underlying ground and not from surface albedo changes.
Together, these results illustrate the importance of vegetation LAI changes on near-surface climate variations. An important shortcoming of the present study is the use of vegetation-specific LAI profiles rather than observed LAI data by model grid cell, as in the case of SSTs. The latter facilitates inclusion of spatial information inherent in the satellite product. To do this, however, requires a significant reformulation of the existing model structures in LSM. The Common Land Model activity currently underway addresses this issue. Therefore, the next generation of models will facilitate linkages not only with satellite LAI fields, but also with other key variables such as roughness length and fractional vegetation cover, thus greatly increasing the realism of surface prescription. 
